Cortical thymic epithelial cells (cTECs) express a unique thymoproteasome subunit-β5T that plays an essential role in the development of CD8 T cells. In contrast, the immunoproteasome subunitβ5i is expressed in other thymic antigen-presenting cells (APCs). The thymoproteasome may generate peptides that are specialized for positive selection, or it may simply serve to generate peptides that are distinct from other APCs that cause negative selection, thereby promoting an overall larger number of surviving clones to mature and function in the immune system. To distinguish these models, we genetically engineered mice to express distinct peptide repertoires in cTECs vs. other APCs without expressing β5T, by generating β5t 5i knockin mice, in which β5i replaced β5T in cTECs. When such animals were crossed to β5i −/− mice, β5i was exclusively expressed in cTECs, whereas β5 was expressed in other cells. However, this mouse did not support normal positive selection, suggesting that β5T generates peptides that are intrinsically better for positive selection (i.e., β5i could not replace β5T) and not merely because these peptides are distinct from peptides presented by other APCs. Finally, using an Nur77 GFP reporter, we show that the T cells generated in the absence of β5T have higher reactivity to self, generating predominantly CD44 hi memory phenotype peripheral CD8 + T cells. Altogether, our results suggest that the thymoproteasome supports positive selection by generating peptides that are optimized for the selection of weakly selfreactive, naïve T-cell clones.
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thymus | lymphocyte development T he thymus is a vital organ for T-lymphocyte development (1) . A large number of CD4 and CD8 double-positive (DP) progenitor thymocytes with randomly generated T-cell receptors (TCRs) reside in the cortex. Here, they interact with cortical thymic epithelial cells (cTECs) displaying self-peptides in the context of MHC classes I and II (pMHCs), which are ligands for the TCRs, and are critical for positive selection of T cells (2) . Through interaction with pMHCs presented on cTECs, DP cells with low-affinity TCRs are selected to become MHC class Irestricted CD8 or MHC class II-restricted CD4 single-positive (SP) thymocytes. This process is called positive selection. However, DP or SP cells expressing TCRs with a high affinity for pMHCs are negatively selected by many subsets of thymic stromal cells. Medullary thymic epithelial cells (mTECs), along with thymic dendritic cells (DCs), are particularly important for negative selection through provision of costimulatory molecules (3, 4) .
Interesting data have emerged suggesting that cTECs have unique proteolysis and antigen-processing capabilities that are crucial for positive selection. cTECs uniquely express cathepsin L and thymus-specific serine protease, which are both lysosomal proteases that cleave proteins in the MHC class II processing pathway (5, 6) . Most other antigen-presenting cells (APCs) express a distinct lysosomal protease (cathepsin S), and it was shown that L-and S-expressing cell lines process and display distinct pMHC repertoires at the cell surface (7) . Importantly, cathepsin L-or thymus-specific serine protease-deficient mice have impaired positive selection of CD4 T cells (8, 9) . Recently, a potentially analogous scenario has emerged for MHC class I antigen presentation. Murata et al. (10) discovered a novel proteasome subunit-β5T-that is expressed uniquely in cTECs, whereas other cells express either the β5-or β5i-subunit. The β5-subunits of the proteasome form part of the active site of this proteolytic complex and influence substrate specificity (11) . Indeed, purified proteasomes from β5i-and β5T-expressing cell lines cleave distinct peptide substrates (10) . Given the critical role of the proteasome in generating MHC class I peptide epitopes, it is logical to hypothesize that β5T-expressing cells could generate a unique pMHC repertoire. Importantly, β5t-deficient mice have a severe impairment in positive selection of CD8 T cells, and MHC class I binding peptides in thymic cTECs are altered by the lack of β5T-containing proteasomes (thymoproteasomes) (10, 12) . Thus, it is reasonable to hypothesize that the unique pMHC repertoire of cTEC compared with other cells (for example, those cells that mediate negative selection) is critical for developing functional naïve T cells.
The precise nature of the peptides that positively and negatively select the T-cell repertoire has been studied for some time (2) . The favored model that arose over the past two decades is the affinity model of thymic selection, which postulates that low-affinity TCR: pMHC interactions drive positive selection, whereas high-affinity interactions drive negative selection. Alternatively, positiveselecting cTECs in the thymus might display a different set of pMHC ligands than APCs elsewhere in the body. This model is called the altered peptide model (13) . However, precisely how these altered peptides impact positive selection remains to be determined (14) . Thus, we engineered mouse models to address whether it may merely be their difference from the peptides displayed by other APCs or if thymoproteasome-generated peptides may have unique structural characteristics that support positive selection.
Results
Phenotype of β5T-Deficient Mice. To study the role of the thymoproteasome in thymocyte selection in vivo, we used gene knockin technology to insert neo into the β5t (Psmb11) locus, generating a null allele (β5t
), or replace β5t-coding sequences with a β5i cDNA, generating a unique β5t 5i allele. The gene-targeting vector contained a floxed PGK-neo cassette, which generated a β5T-deficient mouse (Fig. S1A) . The absence of β5T protein in β5t −/− mice was confirmed by Western blot (Fig. S1B) . Then, we interbred β5t −/− and Rosa26-Cre mice (15) to delete the floxed PGK-neo cassette from the β5t gene locus, which generated a β5t 5i knockin mouse, in which β5i expression in cTECs was detected by Western blot (Fig. S1B) . The resulting offspring, heterozygous for the β5t 5i knockin allele, were backcrossed with C57BL/6 mice to eliminate the Cre recombinase transgene.
To confirm that β5T deficiency affected T-cell development in this model as reported for another model (10, 12) , we performed phenotypic analysis by flow cytometry. In the thymus, β5t −/− and β5t +/+ mice showed no significant difference in the total cell numbers or the percentages and absolute numbers of CD4SP thymocytes. However, β5t −/− mice showed significantly reduced percentages and numbers of CD8SP ( Fig. 1 A and B and Fig. S1D ) as expected. Compared with WT mice, β5t +/− and β5t −/− mice displayed 1.5-and 9.3-fold reductions in the number of TCRβ + CD8SP in the thymus (Fig. S1D) , respectively. β5t −/− mice also displayed reduced percentages and numbers of peripheral CD8 T cells ( Fig. 1 C and D 
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− naïve cells ( Fig. 1 C  and D) . Compared with WT mice, β5t −/− mice showed an 8.1-fold reduction in the number of naïve CD8 T cells and 2.1-fold reduction in the number of memory-like CD8 T cells in the spleen. This increased percentage of memory-like cells in the peripheral lymphoid tissues but not thymus of β5t −/− mice is similar to previously reported findings (12), but it is not understood in terms of mechanism. Therefore, β5T deficiency impairs the generation of CD8SP mature thymocytes and the establishment of a normal CD8 T-cell pool in the secondary lymphoid organs.
Two distinct mechanisms have been shown to induce memory phenotype CD8 T cells in the absence of foreign Ag priming: (i) homeostatic memory T cells are generated during the response of naive CD8 T cells to lymphopenic conditions in the peripheral lymphoid tissues, and (ii) bystander memory CD8 T cells are generated in the thymus in response to IL-4 (16) . For example, increased proportions of CD44 hi CD8 T cells in the thymus and peripheral lymphoid tissues were found in KLF2 −/− and ITK −/− mice, and the mechanism was revealed to be an IL-4-dependent bystander effect in the thymus (17) . To test if something similar is happening in β5t −/− mice, we generated mixed bone marrow chimeras using bone marrow from IL-4 receptor (IL-4R) -sufficient and -deficient mice to reconstitute lethal irradiated β5t −/− or β5t +/+ mice. In agreement with our previous study (18) , IL-4R-deficent donor-derived cells showed a decrease in the percentage of CD44 hi CD8 T cells compared with IL-4R-sufficient cells in WT host (Fig. S2B, Left) . However, in the β5t −/− host mice, the proportion of CD44 hi CD8 T cells was increased in both IL-4R-deficent and -sufficient donor-derived cells (Fig. S2B , Right), indicating that an IL-4-dependent bystander affect does not account for the generation of memory-phenotype CD8 T cells in β5t −/− mice.
β5T Deficiency Reduces the Percentage of Postselection Cortical
Thymocytes. After TCR signaling is initiated in the cortex, DP thymocytes mature into CD4SP or CD8SP cells and migrate to the medulla. Both positive and negative selection can occur at the DP stage in the cortex, and the generation of mature thymocytes can be affected by decreased positive selection or enhanced negative selection. We addressed if thymocyte selection is affected at the DP or cortical stage in the β5t −/− thymus. Pre-and postselection DP thymocytes are distinguished by the expression of CD69 and TCRβ. To examine whether the reduction of CD8 T cells in β5T-deficient mice reflects altered selection at DP stage, we examined CD69 and TCRβ on DP cells in β5t
In MHC II-deficient mice, CD4 T cells cannot be positively selected; thus, DP thymocytes that up-regulated CD69 and TCRβ are responding solely to self-peptides MHC I complexes. Over 8% of total thymocytes were TCRβ +
CD69
+ DP cells in the MHCII −/− thymus; in contrast, there were only about 5% TCRβ +
+ DP cells in β5t
thymus (Fig. 2). Both subsequent populations of CD4
+ CD8 int immature and mature CD8SP thymocytes were significantly decreased in β5t
These results show that β5T deficiency perturbs selection at the DP or cortical stage. The β5T-Deficient Thymus Does Not Have More Cells Undergoing Negative Selection. A reduction of CD69 + TCRβ + DP can be accounted for by reduced positive selection or enhanced negative selection. Negative selection eliminates self-reactive T-cell clones in the thymus. It can occur in either the cortex or medulla but is generally more efficiently induced by thymic DCs and mTECs than cTECs (19, 20) . One hypothesis is that the thymoproteasome expressed in cTECs generates a distinct peptide repertoire for positive selection compared with the peptide repertoire in mTECs and DCs for negative selection. This nonredundancy could allow a larger number of clones to survive. If this model were true, in the absence of β5T, the peptide repertoires of cTECs and other APCs would be highly similar, and negative selection would remove a more substantial fraction of the positively selected repertoire. Thus, the reduced CD69 + TCRβ + DP cells in β5T-deficient mice could represent enhanced negative selection. To test this hypothesis, we sought to measure negative selection using Bim-deficient mice. Bim is required for the deletion of self-reactive T cells by inducing apoptosis (21, 22) ; thus, one can estimate the degree of negative selection by comparing Bim KO (Bim −/− ) and Bim +/+ mice (23). We, therefore, made mixed bone marrow chimeras using bone marrow from Bim −/− and WT mice to reconstitute β5t (Fig. 3A) . Again, MHCII −/− recipients were used such that the only cells selected would be MHC class I-restricted. As expected, the percentage of CD69 (Fig. 3 B and C) . These results show that the β5T-deficient thymus does not have more cells undergoing negative selection. This finding suggests that the role of the proteasome may be to generate peptides that are specialized for positive selection (in an undefined way) and not merely to generate peptides that are distinct from those peptides in mTECs and DCs.
Mice That Express β5i Exclusively in cTEC Do Not Select a Large
Repertoire of CD8 T Cells. An alternative means to determine if the role of the thymoproteasome is to generate specialized peptides or just ones different from those peptides displayed by mTECs and DCs is to study mice where the cTEC peptide repertoire is distinct from the mTEC/DC repertoire but not generated by β5T. Our strategy was to create mice where the immunoproteasome subunit-β5i protein-coding cDNA sequence was knocked into the β5t gene locus (β5t
), replacing β5t and ensuring cTECspecific expression (Fig. S1A) , and then crossed onto β5i −/− mice (24). As predicted, β5i was only expressed in cTECs in β5t
mice as assessed by Western blot (Fig. 4A ) and immunofluorescence (Fig. S1C) . Previous studies have shown that spleen cells lacking β5i expressed about 50% of the MHC class I surface expression of WT cells (24) . Consistent with this finding, mTECs and thymic DCs from β5t (Fig. 4B ). These data indicate that the role of the β5t-expressing thymoproteasome in selection is not merely to generate peptides distinct from other thymic APCs but generate peptides that are somehow specialized to promote positive selection.
In addition, to address whether the TCR repertoire was altered in β5t −/− and β5t 5i/5i β5i −/− mice, we determined the TCR-V distribution in CD8 T cells by flow cytometry using a panel of TCR Vβ-and Vα-specific monoclonal antibodies. As expected, no difference was detected in the TCR-V distribution in CD4 T cells among β5t
, and WT mice. However, the use of Vβ4, Vβ8.3, Vβ13, and Vα2 in CD8 T cells was altered in β5t −/− mice compared with WT mice (Fig. S4) , similar to what was previously shown (12) . Importantly, those same changes were observed in CD8 T cells from β5t 5i/5i β5i −/− mice (Fig. S4 ). These data indicate that the lack of thymoproteasome subunit-β5t in cTECs is a critical factor modifying the TCR repertoire in CD8 T cells.
β5T Deficiency Selects for Clones That Are More Strongly SelfReactive. We next considered how the thymoproteasome could be specialized to promote positive selection. In vitro data on the cleavage of synthetic substrates by purified proteasomes showed that β5T-containing proteasomes do not generate hydrophobic C termini efficiently (10) . Because MHC molecules have a preference for peptides with hydrophobic C termini, one might imagine that the self-peptides generated by thymoproteasomes are not of an ideal length or character, resulting in a relatively unstable pMHC repertoire at the cell surface. Given that low-affinity TCR:pMHC interactions promote positive selection (2), it has been hypothesized that unstable pMHC complexes might facilitate positive selection (25) . In this case, the absence of β5T would generate more stable peptides, and the repertoire that is present in β5T-deficient mice, albeit reduced, would be enriched with more self-reactive clones. To test this hypothesis, we examined CD5 and Nur77 reporter expression levels on β5T-deficient CD8 T cells, because these levels reflect the TCRs reactivity for selfantigens (22) . Indeed, CD8 T cells from β5T-deficient mice expressed modest but reproducibly higher levels of both CD5 and Nur77, whereas CD4 T cells were unaffected (Fig. 5A ). In addition, HY, P14, and OT-I TCR transgenic CD8 T cells were reported to have different positive selection efficiencies in β5t −/− mice (12). We determined their TCR signaling strength by breeding HY, P14, and OT-I TCR transgenic mice with Nur77 GFP reporter mice (Fig. 5B) . Interestingly, the positive selection efficiency in β5t −/− mice correlated well with TCR signal strength (Fig. 5C ), suggesting that more highly self-reactive T cells are less dependent on β5T.
As an alternative approach, we performed adoptive transfer into lymphopenic recipients, because self-reactive T cells proliferate more robustly in lymphopenic environments (26) . We enriched CD8SP cells from β5t −/− and β5t +/+ thymocytes using microbeads, labeled the cells with the fluorescent cell division tracer carboxyfluorescein succinimidyl ester (CFSE), and coinjected them into congenic WT hosts with or without sublethal irradiation to induce lymphopenia. After 8 d, more β5t −/− donor cells underwent cell division (CFSE low) than β5t +/+ donor cells (Fig. S5) . After 2 wk, 2.8-fold more β5t −/− donor cells were recovered, and the percentage of divided (CFSE low) CD8 T cells was higher among β5t −/− donor cells compared with β5t +/+ donor cells (Fig. 5D) , supporting the conclusion that CD8 T cells selected in β5t −/− mice have stronger self-reactivity than normal.
This result also provides a potential explanation for the elevated CD44 levels observed in peripheral CD8 T cells from β5t −/− mice, because expression of CD44 increases during cell division in lymphopenic environments. Previous data indicated that adult β5t −/− mice are not lymphopenic (12); however, young mice normally exhibit relative lymphopenia (27) . Thus, the greater selfreactivity of CD8 T cells from β5t −/− mice likely drives CD44 upregulation in the neonatal period.
Discussion
The recent discovery of a unique thymoproteasome, relatively conserved through evolution of adaptive immunity (28) , has reignited interest in the altered peptide model as an alternative or addition to the long-established affinity model of thymic selection. Here, we report that merely expressing a distinct or alternative peptide repertoire on cTECs does not efficiently support positive selection of CD8 T cells. Rather, our results are more consistent with a model where the β5T proteasome-generated peptides are optimal for positive selection of normal naïve CD8 T cells.
It still remains a mystery how peptides generated by β5T-containing proteasomes are specialized for positive selection of CD8 T cells. A strict interpretation of the affinity model of thymic selection would not posit that positive and negative selection need to occur on distinct peptide repertoires but rather, that cTECs provide some other unidentified unique costimulus or differentiation signal for positive selection. An attractive idea that would reconcile an altered peptide model with the affinity model is if the altered peptide repertoire displayed by cTECs was to be dominated by unstable pMHC complexes, because there is some evidence that unstable pMHC complexes are perceived similarly to low-affinity ligands by T cells (29) . This idea is particularly relevant for MHC class I complexes on cTECs, because β5T was shown to be defective in the in vitro cleavage of substrates at hydrophobic amino acids (10) . Because MHC class I molecules preferentially bind 8-to 10-aa peptides with hydrophobic C termini, it has been hypothesized that the proteasomes in cTECs do not generate optimal MHC ligands. This situation could result in MHC class I molecules that are unstable at the cell surface, and these unstable complexes could facilitate positive selection (25) .
Indeed, low-affinity CD8 T-cell clones were preferentially absent from the T-cell repertoire of β5T-deficient mice. However, we failed to directly show that pMHC complexes presented on cTECs are unstable. MHC class I binding peptides typically have hydrophobic amino acids (I, L, T, or M) at the C-terminal position. To test if unstable pMHC complexes can facilitate positive selection, we created variants of the target antigen for the OT-I receptor, SIINFEKL, and tested them in the well-described OT-I fetal thymus organ culture system (30) . Variants were designed that had polar and/or charged residues at C-terminal position 8. As expected, such variants had weaker equilibrium binding to K b and dramatically shorter off rates, which were detected in an RMA-S cellline based stabilization assay. Because the C-terminal amino acid is buried in the MHC groove and the TCR contact residues (p2, p4, p6, and p7) were preserved, we presume that the OT-I TCR affinity (particularly the on rate) for these variant complexes would be the same, whereas the off rate of the TCR would be much more rapid because of the rapid dissociation of the peptide-MHC interaction. This situation would possibly result in the T cell biochemically perceiving an unstable pMHC ligand as a low-affinity ligand, which was previously suggested for MHC class II peptide ligands (29) , and lead to positive selection. We performed fetal thymic organ culture with OT-I/TAP o tissue and did not observe positive selection with any of these unstable pMHC variants at any of the doses tested (Fig. S6) . Of course, it is possible that only certain unstable pMHC complexes would support positive selection (i.e., a combined role for specificity and stability), and those peptides were not among the ones that we tested.
We also examined the half-life of pMHC class I complexes on cTECs and mTECs from WT mouse, expecting that, if the thymoproteasome were generating suboptimal peptides, then the overall stability of pMHC I on cTEC would be lower. cTEC and mTEC cells were cultured in the presence of Brefeldin A to block the egress of nascent pMHC complexes from the endoplasmic reticulum to the cell surface. Because empty pMHC complexes are rapidly internalized, the stability of the surface MHC complexes can be evaluated by measuring the retention rate of surface K b and/or D b expression over time. This technique was previously used to show that pMHC complexes generated in the absence of the N-terminal peptidase ERAAP were unstable (31). We could not find any difference on the half-life of pMHC class I complexes on cTECs and mTECs using this assay, although one could argue that this assay may not be sensitive enough. Furthermore, Nitta et al. (12) showed that antibodies to stable and unstable isoforms of the class I molecule L d in BALB/c β5t −/− mice had similar relative binding on cTEC compared with other APCs. Thus, several independent approaches were unable to provide support for an unstable pMHC model. Therefore, this important question remains open. At this point, our data showing altered affinity for self in β5t −/− mice that have altered positive selection remain a correlation only. Future studies that biochemically characterize the peptides by MHC class I on cTEC need to be done, although it will be important to avoid the use of technical approaches that bias against weakly bound peptides.
Why has the thymus evolved to generate T cells with low affinity? Low-affinity pMHCs select more T cells, and this more diverse TCR repertoire could provide broader immune responses to pathogen infections or tumors (12) . Higher-affinity T cells represent a potential threat to the health of the animals through autoimmune disease; however, so far, we and other groups have not observed any autoimmune symptoms in β5T-deficient mice. Interestingly, Nitta et al. (12) showed the β5T KO mice die within 1 wk of influenza infection, suggesting that the repertoire of CD8 T cells selected in the absence of a thymoproteasome is incapable of generating safe and/or effective immune responses.
Materials and Methods
Mice. All animal experimentation was approved by the University of Minnesota Institutional Animal Care and Use Committee (IACUC). We generated β5t −/− and β5t 5i/5i knockin mice by gene targeting with the assistance of the University of Minnesota Cancer Center Mouse Genetics Laboratory. A mouse genomic C57BL/ 6-derived BAC clone (RP24-183D5) that contains β5t (Psmb11) locus was purchased from BACPAC Resources. cDNA for β5i (Lmp7) was isolated by RT-PCR from total RNA of C57BL/6J mouse thymus. cDNA for an loxP-flanked PGK-neo was cloned by PCR from nBLUEneo vector (32) . nBLUEneo and pDT-A (B.DEST) vectors were a gift from Makoto Ikeya (RIKEN, Kobe, Japan). The linearized targeting construct was transfected into C57BL/6-derived ES cells, and homologous recombinant ES cells were primary screened by PCR with neogt-1 primer (5′-CTGACCGCTTCCTCGTGCTTTACG-3′) and β5t-16284R primer (5′-AGTCTGGT-GGACTGAAGCCACTCTCC-3′) and confirmed by Southern blot analysis (33) . We obtained germ-line chimeras from two independent recombinants and observed no differences in the phenotypes among these lines. To generate the β5t 5i allele, β5t +/− male mice were bred with Rosa26-Cre female mice (Taconic). β5i −/− mice. Nur77 GFP reporter mice were previously described (22) .
Flow Cytometric Analysis and Sorting. Single-cell suspensions were stained with the indicated antibodies from eBioscience, BD Biosciences, or BioLegend for 20 min on ice. Data were collected using an LSR Fortessa Instrument (BD Biosciences) and analyzed using FlowJo (Tree Star). Thymic stromal cells were prepared through enzyme digestion of mice thymi (34 Bone Marrow Chimera. We generated bone marrow chimeras by injecting total 5 × 10 6 to 10 × 10 6 T cell-depleted bone marrow cells into lethally irradiated (1,000 rads) host animals.
Western Blot Analysis. Sorted cells were lysed in lysis buffer made from 1% (vol/vol) Nonidet P-40, 150 mM NaCl, 10 mM Tris·HCl, pH 7.5, and 1 mM EDTA with 1× protease inhibitor mixtures (Pierce) on ice for 30 min (33) . The lysates were cleared by centrifugation. Cell lysates were electrophoresed in a 4-12% Bis·Tris gel, transferred to Immobilon-FL membrane (Millipore), and probed by indicated primary antibodies plus Alexa 680-or IRDye 800-conjugated second antibodies. The membrane was imaged with an Odyssey Infrared Imager (LI-COR Biosciences).
Homeostatic Proliferation Assay. CD8SP cells were enriched from β5T-deficient (Thy1.2; CD45.2) and B6.PL (Thy1.1; CD45.2; JAX) thymi, mixed and labeled with CFSE, and injected i.v. into nonirradiated or irradiated (500 rads) CD45.1 + WT recipients; 2 wk after injection, spleens and lymph nodes were harvested. Single-cell suspensions were stained with phycoerythrin (PE)-conjugated anti-CD45.2, and then, CD45.2 + donor cells were pulled down using anti-PE MACS Microbeads (Miltenyi Biotec). The CFSE dilution of CD8 T cells was measured by flow cytometry.
Statistical Analysis. SD and P values were determined using Prism software (GraphPad Software, Inc.). P values were calculated using a two-tailed unpaired t test with 95% confidence interval.
